SuMMarY: toadfish Halobatrachus didactylus gastric mucosa was studied using conventional and lectin histochemistry. conventional histochemistry revealed neutral glycoconjugates predominating over acidic ones in the apical zone of both surface epithelial cells and pit cells. the neck cells contained a few neutral glycoconjugates, whereas gastric glands were negative to PaS and aB staining. lectin histochemistry showed different oligosaccharide expression along the columnar cells. the sub-nuclear cytoplasm was stained with rca 120 , SBa, hPa, GSa i-B 4 , GSa ii, uea i, lta, con a, Kohsialidase-WGa. the Golgi zone reacted with rca 120 , DBa, SBa, hPa, Koh-sialidase-WGa, GSa i-B 4 , GSa ii, uea i, lta, Mal ii, Sna, and showed an increase in DBa staining after Koh-sialidase treatment. the granules of the apical zone stained with Pna, uea i, lta and showed increased Pna reactivity after Koh-sialidase treatment. the luminal cell coat reacted with Pna, hPa, con a, Koh-sialidase-WGa, uea i, lta, Mal ii, Sna and Koh-sialidase-Pna. Pit cells showed a minor expression of lectin-binding sites with respect to columnar cells. neck cells linked uea i and lta and gastric glands reacted with Pna, DBa, SBa, hPa, con a, GSa i-B 4 , Koh-sialidase-WGa and Koh-sialidase-DBa. the results suggest that the stomach of the toadfish H. didactylus is characterised by a species-specific glycoconjugate pattern.
introDuction the morphology of the stomach in teleosts has been documented for many species and shows a marked diversity in relation to their taxonomy, physical characteristics of the food and feeding habits (harder, 1975; Kapoor et al., 1975; Martin and Blaber, 1984) . in fishes, the gastric mucosa is lined with a simple columnar epithelium and the mucosal epithelium invaginates to form gastric pits at the bottom of which gastric glands open (Kapoor et al., 1975; Martin and Blaber, 1984) .
in different fish species the gastric mucosal epithelium secretes neutral as well as acidic glycoconjugates (Kapoor et al., 1975; reifel and travill, 1978) . Glycoconjugates secreted by the stomach constitute an important class of macromolecules because they protect the stomach epithelium from auto-digestion caused by hcl and enzymes produced in gastric glands by forming an adherent mucus gel (Ferraris et al., 1987; Smith, 1989) . Moreover, glycoconjugates play a role in the absorption and transport of macromolecules through the membranes (reifel and travil, 1978; Domeneghini et al., 2005; Sarasquete et al., 2001 ) and dilution in ingested water (Domeneghini et al., 1998) . the gastric glands of teleosts contain only one cell-type that secretes both pepsinogen and hydrochloric acid (reifel and travill, 1978; rebolledo and vial, 1979) .
lectins have a specific binding affinity for the sugar residues of glycoconjugates. Due to their specific affinities to a particular sugar, lectins are useful probes for the intracellular localisation of sugar residues (ihida et al., 1991; Danguy et al., 1994) and for characterising cellular populations as well as their morpho-functional changes (Spicer and Schulte, 1992; Danguy et al., 1994) . lectins have been successfully used to evaluate the composition of the oligosaccharides in the gastric mucosa of some marine fishes such as Solea senegalensis , Sparus aurata (Domeneghini et al., 1998; Sarasquete et al., 2001) , Umbrina cirrosa (Parillo et al., 2002; Pedini et al., 2005) and Cynoscion guatucupa (Díaz et al., 2008) .
Halobatrachus didactylus is a Batrachoididae euryhaline species capable of colonising diverse biotopes, from brackish waters of river estuaries such as those of the Guadalquivir (Spain), Mira, Sado, and tagus (Portugal) to hyper-saline waters of salt ponds (arias and Drake, 1990) . it is a voracious and opportunistic carnivorous predator that feeds on a wide variety of prey including crustaceans as its major prey, as well as molluscs, fish and polychaetes as secondary prey (cárdenas, 1977) . H. didactylus is an important component for some fishing communities (arias, 1976) and has received attention in recent years because of its use as a laboratory animal for multidisciplinary research purposes (see Palazón-Fernandez et al., 2001, for references) .
the aim of this study was to investigate the glycoconjugate composition of the toadfish H. didactylus in the surface epithelial cells and gland cells of gastric mucosa by means of conventional and lectin histochemistry.
MaterialS anD MethoDS

Tissue preparation
adult toadfish H. didactylus were acquired from working fishermen's catches in cádiz Bay (southwestern Spain) and maintained in running seawater at the instituto de ciencias Marinas de andalucia, cSic. Five fishes were sacrificed with an overdose (0.3% v/v) of phenoxy-ethanol and their stomachs were quickly removed and fixed in Bouin's fluid for 24 h at room temperature (rt), dehydrated in an ethanol series, cleared in xylene, and embedded in paraffin wax. Serial sections (4 µm thick) were cut and, after de-waxing with xylene and hydration in an ethanol series of descending concentrations, were stained with Masson trichrome for morphology, and by means of conventional histochemical procedures or lectin histochemistry according to Desantis et al. (2007) .
Conventional histochemistry
Sections were treated with: 1) periodic acid-Schiff (PaS) reaction for neutral glycoconjugates (Gcs) (Mc Manus, 1948) ; 2) alcian blue at ph 2.5 (aB 2.5) for testing sulphate esters and carboxyl groups in Gcs; 3) alcian blue 8GX at ph 1.0 (aB 1.0) for the characterisation of sulphated Gcs (Spicer et al., 1967; Pearse, 1968) . in order to reveal cellular combinations of both acidic and neutral glycoconjugates, the aB 2.5/PaS and aB 1.0/PaS staining sequences were performed.
Lectin histochemistry
the lectins used are listed in table 1. the Pna, DBa, rca 120 , SBa, hPa, con a, WGa, uea-i lectins were hrP-conjugated (Sigma chemicals co., St. louis, Mo, uSa), whereas Mal ii, Sna, GSa-ii, GSa i-B 4 were biotinylated lectins (vector laboratories inc. Burlingame, ca, uSa).
Dewaxed and rehydrated tissue sections were immersed in 3% h 2 o 2 for 10 min to suppress the endogenous peroxidase activity, rinsed in 0.05 M trishcl buffered saline (tBS) ph 7.4, and incubated in lectin solution at appropriate dilutions (table 1) for 1 h at rt. after 3 rinses in tBS, the peroxidase activity was visualised by incubation in a solution containing 0.05% 3,3'-diaminobenzidine (DaB) and 0.003% h 2 o 2 in 0.05 M tBS (ph 7.6) for 10 min at rt before dehydration and mounting. tissue sections incubated in biotinylated lectins (Mal ii, Sna, GSa i-B 4 , and GSa ii) were rinsed 3 times with 0.05 M phosphate-buffered saline (PBS) and were incubated in streptavidin/peroxidase complex (vector lab. inc., uSa) for 30 min at rt. after washing in PBS, peroxidase was developed in a DaB-h 2 o 2 solution as above.
controls for lectin staining included: (1) substitution of the substrate medium with buffer without lectin; and (2) incubation with each lectin in the presence of its hapten sugar (0.2-0.5 M in tBS).
Enzymatic and chemical treatments
Before staining with Mal ii, Sna, Pna, DBa and WGa some sections were incubated at 37°c for 16 h in 0.86 u/mg protein of sialidase (type v, from Clostridium perfringens) (Sigma chemicals co.) dissolved in 0.1 M sodium acetate buffer, ph 5.5, containing 10 mM cacl 2 . Prior to the neuraminidase treatment, a saponification technique was performed to render the enzyme digestion effective, with 0.5% Koh in 70% ethanol for 15 min at rt (reid et al., 1978) .
as controls of the sialidase digestion procedure, sections were incubated in the enzyme-free buffer solution under the same experimental conditions. reSultS the tunica mucosa of the toadfish H. didactylus stomach was lined with a simple columnar epithelium and it displayed numerous gastric pits, at the base of which simple tubular gastric glands open (Fig. 1) . there is no regional differentiation of the stomach with regard to the surface epithelium or the glandular portion, so we arbitrarily divided it into: initial, middle and terminal. numerous gastric glands were found throughout the stomach, especially in the initial and middle portions. the conventional and lectin histochemistry did not show any difference between the stomach regions.
Conventional histochemistry
PaS intensely stained the apical zone of the surface epithelial cells and the pit cells and very weakly stained the neck cells (Fig. 2a) . aB 2.5 and aB 1.0 very weakly stained the apical zone of surface epithelial cells and pit cells (Fig. 2B ).
Lectin histochemistry
the results of lectin histochemistry are summarised in table 2.
Mal ii ( Fig. 3a) and Sna ( Fig. 3B ) showed binding sites for the luminal cell coat and a thin supra-nuclear zone of both the epithelial columnar cells and the pit cells, which were stained moderately and weakly, respectively. these lectins did not stain the Pna displayed a moderate reaction for the luminal cell coat and the apical zone of both the surface epithelial cells and the pit cells. Weak staining was observed at the level of the sub-nuclear granules of the lining epithelium and pits (Fig. 4a) . Gastric glands were moderately stained. Koh-sialidase pretreatment increased the staining in the above-men- tioned structures of columnar epithelial cells and in the pit cells, whereas it did not affect the gastric gland staining intensity (Fig. 4B ). DBa gave a faintly visible staining of the thin supra-nuclear cytoplasm of the surface epithelial cells and the sub-nuclear cytoplasm in the pit cells, whereas it moderately stained the gastric glands (Fig. 4c) . after Koh-sialidase treatment, the lectin DBa revealed cryptic binding sites at all the abovementioned sites (Fig. 4D) .
rca 120 moderately stained a small supra-nuclear zone in the surface epithelial cells, and very weakly a, rca 120 moderately stains a thin supra-nuclear zone in the surface epithelial cells, and very weakly stains the sub-nuclear cytoplasm of both surface and pit cells. Scale bar: 22 μm. B, SBa weakly stains a thin supra-nuclear zone and the sub-nuclear cytoplasm of both lining epithelium and pit cells, whereas it moderately stains the gastric glands. Scale bar: 17 μm. c, hPa binding sites are located in the luminal cell coat, thin supra-nuclear zone and sub-nuclear cytoplasm of surface epithelial cells, in the sub-nuclear cytoplasm of pits cells and in the gastric glands. Scale bar: 22 μm. D, con a strongly stains the luminal coat and weakly stains the sub-nuclear zone of both the columnar epithelial cells and pit cells. the gastric glands show faintly visible staining. Scale bar: 22 μm. G, gastric gland; arrow, surface epithelial cells; arrowhead, supra-nuclear zone; double arrowhead, sub-nuclear cytoplasm; asterisk, pit cells.
stained the sub-nuclear cytoplasm of both surface and pit cells, whereas it did not bind neck cells or gastric glands (Fig. 5a ). SBa showed a moderate and a weak reaction for a thin supra-nuclear zone and the sub-nuclear cytoplasm of both lining epithelium and pit cells. Gastric glands were moderately stained (Fig. 5B) .
hPa gave a moderate staining of the luminal cell coat and of a thin supra-nuclear zone of surface epithelial cells, which were also weakly stained in their sub-nuclear cytoplasm. hPa weakly reacted with the sub-nuclear cytoplasm of pit cells and with the gastric glands (Fig. 5c) .
con a showed a strong reaction for the luminal coat of the columnar epithelial cells, which were weakly stained in the sub-nuclear zone. the same reaction was seen in the sub-nuclear cytoplasm of pit cells, whereas the gastric gland showed faintly visible staining (Fig. 5D) .
Koh-sialidase-WGa treatment (performed to highlight βGlcnac, but not sialic acid) displayed a strong positive reaction for the luminal surface epithelial cells, which were weakly stained in the supra-nuclear zone. the lectin moderately stained the gastric glands (Fig. 6a) .
GSa i-B 4 showed a moderate staining of a thin supra-nuclear cytoplasm of epithelial columnar cells and gastric glands, whereas it gave a faintly visible reaction for the sub-nuclear cytoplasm of surface epithelial cells and pit cells (Fig. 6B) .
GSa ii displayed a moderate and a weak reaction for the supra-nuclear and the sub-nuclear cytoplasm a, WGa binding sites are present in the luminal surface, supra-nuclear and sub-nuclear cytoplasm of surface epithelial cells as well as in the sub-nuclear cytoplasm of the pit cells and the gastric glands. Scale bar: 22 μm. B, GSa i-B 4 shows moderate staining in a thin supra-nuclear cytoplasm of epithelial columnar cells and gastric glands, whereas it gives a faintly visible reaction in the sub-nuclear cytoplasm of surface epithelial cells and pit cells. Scale bar: 46 μm. c, GSa ii moderately stains the supra-nuclear cytoplasm and weakly stains the sub-nuclear cytoplasm of the surface epithelial cells. Scale bar: 30 μm. D, uea i strongly stains the luminal coat of columnar epithelial cells and the neck cells, moderately stains the apical and supra-nuclear zones of the surface epithelial cells, and weakly stains the sub-nuclear cytoplasm of lining epithelial cells and pit cells. Scale bar: 46 μm. G, gastric gland; arrow, surface epithelial cells; arrowhead, supra-nuclear zone; double arrow, neck cells; double arrowhead, sub-nuclear zone; asterisk, pit cells.
of the surface epithelial cells, respectively (Fig. 6c) . the lectin did not label the neck cells or the gastric glands. uea i strongly stained the luminal coat of columnar epithelial cells and the neck cells, moderately stained the apical and supra-nuclear zones of the surface epithelial cells, and weakly stained the sub-nuclear cytoplasm of lining epithelial cells and pit cells (Fig. 6D) . lta showed a similar uea i staining pattern except for the negative reaction with neck cells. DiScuSSion this study investigates the glycoconjugate pattern of the surface epithelial cells and gastric glands of the toadfish H. didactylus.
the stomach is a component of the digestive tract which is lacking in some families of teleostei. three different types of stomach have been found in teleostei: a straight stomach, a siphon-shaped stomach and a stomach with a gastric caecum (harder, 1975) . the toadfish H. didactylus contains a short sacshaped type of stomach which is lined with a single layer of columnar epithelial cells and numerous gastric pits placed between the surface lining epithelium and the tubular gastric glands.
conventional histochemistry showed intense staining with PaS and very weak affinity for aB 2.5 and aB 1.0 at the level of the apical zone of surface epithelial cells and pit cells. thus, conventional histochemistry revealed that the lining epithelium of the gastric mucosa of the toadfish H. didactylus produces a mixture of neutral and acidic glycoconjugates with the neutral glycoproteins predominating over acidic, sialylated and sulphated ones. Significant variety in glycoconjugate composition has been described in many teleost species (Jirge, 1970; Kapoor et al., 1975; reifel and trevil, 1978) . a large quantity of neutral glycoconjugates, together with small amounts of acidic mucins, are secreted by the gastric mucosa of sea bream (S. aurata) and senegal sole (S. senegalensis) , two fish species with different feeding habits. high quantities of both neutral and acidic glycoconjugates have been found in the epithelial cells lining stomach of species with similar (i.e. Umbrina cirrosa) (Pedini et al., 2001) or different (i.e. Anguilla anguilla) (Domeneghini et al., 2005) feeding habits, behaviour and biology with respect to H. didactylus. the neutral and acidic glycoconjugates produced by gastric epithelial cells may serve to form a visco-elastic gel acting as a physical barrier to protect the underlying mucosa against hcl and against injury by enzymes produced in gastric glands (Ferraris et al., 1987; Smith, 1989) . neutral mucins on the surface of gastric epithelial cells have been related to the absorption of easily digestible substances such as disaccharides and short fatty acids (Grau et al., 1992) . Sulphated glycoconjugates may form a complex with pepsin stabilising or buffering the enzyme (Spicer and Schulte, 1992) .
lectin histochemistry showed different oligosaccharides in the surface epithelial cells, displaying the presence of well-defined cellular areas such as the sub-nuclear cytoplasm, a thin supra-nuclear area, the apical cytoplasm and the luminal cell coat of the surface. the sub-nuclear cytoplasm reacted with rca 120 , SBa, hPa, GSa i-B 4 , GSa ii, uea i, lta and con a. this finding indicates the presence of asialoglycoconjugates terminating with lactosamine, n-acetylgalactosamine, α-galactose, β-n-acetylglucosamine, and α-l-fucose, as well as glycans with terminal/internal α-D-mannose. con a binding sites indicate the presence of n-linked glycans from high α-mannose, through an intermediate/hybrid, to a small bi-antennary complex type, irrespective of bisection (Goldstein and hayes, 1978; Debray et al., 1981) . in this zone scattered granules containing glycans terminating with galactose(β1-3)nacetylgalactosamine (Pna reactivity) and sialic acid linked to galactose(β1-3)-n-acetylgalactosamine (increased Pna staining after Koh-sialidase treatment) were observed. the Pna reactivity indicates that this granular material contains o-linked glycans (Spicer and Schulte, 1992) . ultrastructural studies in the stomach of Anarhichas lupus (hellberg and Bjerkås, 2000) and S. senegalensis (arellano et al., 2001) show the presence of a granular endoplasmic reticulum in the basal region of surface mucous cells. this can explain the lectin staining in the basal cytoplasm of the columnar epithelial cells in the gastric mucosa of toadfish H. didactylus.
in this study a thin supra-nuclear cytoplasm of the epithelial columnar cells showed the presence of glycans terminating with n-acetylgalactosamine (DBa, SBa, hPa), lactosamine (rca 120 ), galactose (GSa i B 4 ), n-acetylglucosamine (GSa ii), α-l-fucose (uea i, lta) and sialoglycoconjugates terminating with sialic acid(α2-3)galactose(β1-4)n-acetylglucosamine and sialic acid(α2-6)galactose/ n-acetylgalactosamine, as well as with sialic acid linked to n-acetylgalactosamine (Mal ii, Sna, and an increase in DBa staining after Koh-sialidase treatments). DBa and hPa labelling indicates the presence of o-linked oligosaccharides (Spicer and Schulte, 1992) . this zone probably corresponds to the Golgi apparatus since this structure is distinctly present in the supra-nuclear region of surface mucous cells of other teleost gastric mucosa (Gargiulo et al., 1997; arellano et al., 2001) .
the apical zones of surface epithelial cells were full of o-glycans with galactosyl, sialylgalactosyl and fucosyl residues as evidenced by Pna, Kohsialidase-Pna, uea i and lta. o-linked oligosaccharides (mucin-type glycans) are typical secretory moieties. ultrastructural investigations have shown the presence of secretory granules in the apical zone of surface epithelial cells in teleost gastric mucosa (arellano et al., 2001; carassón et al., 2006) . it is noteworthy that a major function of o-glycosylation is the ability of mucins to form a gel (Pajak and Danguy, 1993) , which acts as a protective barrier for the under-lying mucosa against injury by hcl and enzymes produced in gastric glands (Ferraris et al., 1987; Smith, 1989; Domeneghini et al., 1998) . o-glycans terminating with galactosyl and sialylgalactosyl have been evidenced in secretory granules of the epithelium lining the U. cirrosa gastric mucosa (Pedini et al., 2005) by means of Pna and Koh-sialidase-Pna.
the luminal cell coat of the lining epithelium showed glycans ending with sialyl-and/or asialyloligosaccharides. the sialoglycoconjugates terminate with sialic acid(α2-3)galactose(β1-4)n-acetylglucosamine, sialic acid(α2-6)galactose/n-acetylgalactosamine, and sialic acid linked to galactose(β1-3)-n-acetylgalactosamine. the presence of sialomucins can provide a negative charge to the luminal surface protecting the mucosa from the acidic gastric juice (Scocco et al., 1996) . asialoglycans containing terminal/internal α-D-mannose, n-acetylglucosamine and terminal galactose(β1-3)-n-acetylgalactosamine, α-n-acetylgalactosamine and α-l-fucose residues are expressed in other teleost fishes such as S. aurata (Domeneghini et al., 1998) , U. cirrosa (Pedini et al., 2005) , Cynoscion guatucupa (Díaz et al., 2008) . the presence of fucosylated glycoproteins has been related to a protective role for the luminal surface of the gastric mucosa. it has been established that disorders in the mucous barrier of the stomach are caused by the lack of the main component αl-Fuc in patients with ulcer associated with Helicobacter pylori (rustamova and Khamraev, 2005) .
conventional histochemistry in the pit cells of H. didactylus gastric mucosa showed a staining pattern similar to that of surface epithelial cells with strong PaS staining in the apical zone and very weak staining with aB 2.5, aB 1.0, indicating the presence of a higher amount of neutral glycoconjugates than acidic ones. lectin histochemistry revealed differences in the staining pattern between the surface epithelium and pits, except for Mal ii, Sna, and SBa. the sub-nuclear cytoplasm reactivity indicates the lack of glycans terminating with sialic acid linked to galactose or to n-acetylgalactosamine and with β-galactose. the probable Golgi zone shows oligosaccharides terminating with sialoglycoconjugates as well as asialoglycans terminating with n-acetylgalactosamine and α-l-fucose. the apical zone contains granules characterised by asialo-and sialoglycans terminating with galactose(β1-3)n-acetylgalactosamine and sialic acid linked to galactose(β1-3)-n-acetylgalactosamine. the luminal cell surface contains sialoglycoconjugates ending with sialic acid(α2-3)galactose(β1-4)n-acetylglucosamine and sialic acid(α2-6)galactose/n-acetylgalactosamine. the cytoplasm of the neck cells, was stained with PaS, uea i and lta. this indicates that the neck cells of toadfish H. didactylus gastric mucosa produce chiefly glycoconjugates containing hexoses with vicinal hydroxyls terminating with α-l-fucose residues. the neck cells have been found in the gastric mucosa of a few species of teleosts. as in H. didactylus, the neck cells of Anarhichas lupus (hellberg and Bjerkas, 2000) contain PaS-positive and aB-negative granules, whereas in Seriola dumerili they express neutral mucosubstances (Grau et al., 1992) . this histochemical study shows fucosylatedneutral glycoconjugates for the first time in the gastric neck cells of a teleost species. the presence of α-l-fucose residues in gastric neck cells has been demonstrated by means of lectin histochemistry in other vertebrates such as amphibians (liquori et al., 2007) and mammals (Sommer et al., 2001; Jiang et al., 2004) .
Gastric glands were un-reactive with conventional histochemistry methods, whereas lectin histochemistry showed the presence of glycoconjugates. it worth underlining that a discrepancy between conventional and lectin histochemistry has already been observed in the sacciform cells of the toadfish H. didactylus oesophagus epithelium (Desantis et al., 2007) . lectin reactivity indicates that H. didactylus gastric glands contain o-linked glycans terminating with β-galactose, n-acetylgalactosamine, α-galactose and sialic acid linked to n-acetylgalactosamine, as well as n-linked oligosaccharides with internal n-acetylglucosamine.
Gastric glands containing both n-and o-linked glycans have also been found in S. aurata and U. cirrosa (Pedini et al., 2005 ) the presence of glycans terminating with n-acetylglucosamine seems a common finding in the gastric glands of marine teleosts Pedini et al., 2005; Díaz et al., 2008) , whereas sialic acid linked to n-acetylgalactosamine is also expressed in U. cirrosa gastric glands (Pedini et al., 2005) . Secretion of neutral glycoconjugates containing sugar residues has been observed in the gastric glands of fish species which differ in feeding habits, habitat and biology (Gutiérrez et al., 1986; Domeneghini et al., 1998; Sarasquete et al., 2001; Pedini et al., 2005; Díaz et al., 2008) . neutral glycoconjugates could represent evidence of the absorption and transport of macromolecules through the membranes (reifel and travill, 1978; Sarasquete et al., 2001; Pedini et al., 2005) , whereas acid glycoconjugates prevent damage to the gut epithelium, acting as a lubricant for the stomach contents and as a buffer for the highly acidic gastric juices (Ferraris et al., 1987) .
in conclusion, the lectin-binding pattern indicates that the gastric mucosa of the toadfish H. didactylus expresses species-specific glycoproteins with some carbohydrate sequences not previously detected in other teleost species. the composition of glycoconjugates in different piscine species is likely to be related to different feeding habits, environmental characteristics and taxonomic positions. as in other fishes, muco-substances produced in the H. didactylus stomach may protect the gastric mucosa against the acidic contents of the fish stomach and may assist the absorption of macromolecules. acKnoWleDGeMentS the authors wish to thank Mrs. annunziata Marinelli and Mr. Martino cacucci for their technical assistance in the Department of animal health and Well-being, and Miss isabel viaña for technical support with the icMan-cSic. 
